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HIGHLIGHTS 


►  Development  of  ABS— graphite— MWNT  composite  bipolar  plates. 

►  EIS  successfully  applies  for  understanding  the  corrosion  mechanism  of  the  composites. 

►  MWNT  concentration  strongly  affects  the  corrosion  behavior  of  the  ABS— graphite  composites. 

►  The  best  balance  of  properties  was  for  the  ABS-graphite  composite  with  addition  of  2  wt.%  MWNT. 
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Composite  bipolar  plates  based  on  the  proper  mixing  of  multi-walled  carbon  nanotubes  (MWNTs), 
synthetic  graphite  particles  and  acrylonitrile-butadiene-styrene  (ABS)  powder  have  been  produced  by 
hot  compression  molding.  The  corrosion  properties  of  the  molded  plates  were  assessed  through  elec¬ 
trochemical  impedance  spectroscopy  (EIS)  and  potentiodynamic  polarization  curves.  Through-plane  and 
in-plane  electrical  conductivities  were  determined.  The  relevance  of  electrochemical  oxidation  to  the 
electrical  conductivity  of  the  composites  was  assessed  by  cyclic  voltammetry.  Thermal  stability  of  the 
composites  was  examined  by  thermogravimetric  analysis  (TGA).  The  morphology  of  fractured  surfaces  of 
the  plates  was  observed  by  scanning  electron  microscopy.  The  incorporation  of  MWNTs  increased  the  in¬ 
plane  and  through-plane  electrical  conductivity  of  the  ABS-graphite  composites.  There  was,  though, 
a  corresponding  reduction  of  the  corrosion  resistance.  The  thermal  behavior  was  little  affected  by  the 
addition  of  MWNTs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  composite  bipolar  plates  for  PEM  fuel  cells  is 
a  fertile  research  area  for  materials  scientists  [1].  In  spite  of  the 
expressive  accumulation  of  knowledge  on  the  complex  structure- 
property  relationship  of  these  components,  several  aspects  are  yet 
unexplored  [2].  Corrosion  resistance  is  an  example.  While  metallic 
materials  concentrate  most  part  of  the  scientific  investigations 
concerning  the  corrosion  behavior  of  bipolar  plates  [3-6],  this 
aspect  is  often  disregarded  for  polymer-graphite  composites.  Such 
incipient  research  activity  emerges  because  of  the  notorious 
chemical  stability  of  carbon-based  materials  in  the  typical  acid  and 
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humid  environment  of  PEM  fuel  cells  when  compared  to  metallic 
alloys  [7,8].  Nevertheless,  it  has  been  shown  that  composite  bipolar 
plates  do  interact  with  the  PEM  fuel  cell  environment  and  are  not 
immune  to  chemical  degradation  during  operation.  Kakati  et  al.  [9] 
investigated  the  corrosion  resistance  of  a  composite  bipolar  plate 
prepared  from  a  mixture  of  phenolic  resin,  graphite,  carbon  black 
and  carbon  fibers.  They  reported  that  the  corrosion  current  density 
increased  with  the  addition  of  the  conductive  carbon  black  and 
carbon  fiber  fillers.  Carbon  black  is  susceptible  to  electrochemical 
oxidation  in  the  PEM  fuel  cell  environment  [10-12].  This  chemical 
instability  arises  from  the  presence  of  numerous  dangling  bonds  and 
defects  in  carbon  blacks  which  are  easily  oxidized,  leading  to  a  high 
corrosion  rate  [13,14].  Recently,  Antunes  et  al.  [15]  evidenced  the 
deleterious  effect  that  the  incorporation  of  carbon  black  has  on  the 
corrosion  stability  of  poly(vinylidene  fluoride)-graphite  composite 
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in  a  typical  PEM  fuel  cell  environment.  The  growing  quest  for 
increasing  electrical  conductivity  of  polymer-graphite  composites 
by  incorporating  minor  carbon-based  conductive  fillers  such  as 
carbon  black,  carbon  nanotubes  and  carbon  fibers  adds  new  issues 
to  this  scenario.  As  the  electrical  conductivity  increases  the  corro¬ 
sion  resistance  is  expected  to  lessen.  The  correct  balance  between 
these  two  properties  is  a  central  point  to  guarantee  the  long-term 
stability  of  the  composite  bipolar  plate.  In  this  regard,  the 
composite  formulation  must  be  carefully  designed  to  give  the  best 
compromise  between  electrical  conductivity  and  chemical  stability. 

Carbon  nanotubes  have  been  successfully  incorporated  as  minor 
conductive  fillers  into  polymer-graphite  composites  in  order  to 
enhance  their  electrical  response  for  bipolar  plate  purposes  [16- 
18].  Unlike  carbon  blacks,  carbon  nanotubes  are  resistant  to  elec¬ 
trochemical  oxidation  in  H2SO4  solutions  [19].  This  result  was 
perceived  by  several  authors  either  at  room  temperature  or  at 
typical  PEM  fuel  cell  operating  temperatures  [20,21  ].  Shao  et  al.  [22] 
explained  this  behavior  by  the  difficult  access  of  oxygen  atoms  to 
the  closed  rolled  up  coaxial  graphene  sheets  of  carbon  nanotubes. 
Hung  et  al.  [23]  used  electrochemical  quartz  crystal  microbalance 
to  assess  the  mass  change  induced  by  corrosion  of  carbon  blacks 
and  MWNTs  in  deaerated  H2SO4  solution  at  room  temperature. 
They  showed  that  the  highly  ordered  graphitic  structure  of  MWNTs 
provided  better  corrosion  resistance  than  the  more  amorphous 
conventional  carbon  black  particles.  It  is  worth  mentioning  that  the 
vast  majority  of  the  studies  regarding  the  electrochemical  response 
of  carbon  nanotubes  in  PEM  fuel  cells  simulating  environments  are 
based  on  its  application  as  carbon  catalyst  supports  [24,25]. 
However,  if  one  thinks  of  the  effect  that  these  materials  would  have 
on  the  corrosion  properties  of  composite  bipolar  plates,  little 
knowledge  is  available.  Moreover,  it  is  well-established  that 
metallic  bipolar  plates  submitted  to  electrochemical  polarization 
present  a  reduction  of  electrical  conductivity  [26,27].  Nevertheless, 
this  effect  has  not  been  investigated  for  polymer-graphite 
composite  bipolar  plates  either  with  CNT  addition  or  not.  Fukut- 
suka  et  al.  [28]  gave  an  interesting  contribution  on  this  subject. 
They  determined  the  interfacial  contact  resistance  of  a  carbon- 
coated  austenitic  stainless  steel  bipolar  plate  before  and  after 
polarization  measurements.  The  results  showed  that  the  interfacial 
contact  resistance  of  the  carbon-coated  bipolar  plate  was  little 
affected  by  the  polarization  test  whereas  the  bare  substrate  pre¬ 
sented  a  significant  loss  of  conductivity  after  polarization.  Thus,  the 
conductivity  of  the  carbon  surface  was  not  impaired  by  the 
potentiodynamic  polarization  test. 

Thermal  stability  is  of  prime  interest  for  polymer-graphite 
composite  bipolar  plates.  Polymeric  matrices  should  withstand 
long-term  operating  conditions  at  temperatures  typically  ranging 
from  60  °C  to  80  °C  [29].  The  development  of  high  temperature  PEM 
fuel  cells  may  even  increase  the  optimal  service  temperature  of  these 
devices,  demanding  further  enhancements  for  the  thermal  perfor¬ 
mance  of  the  polymers  employed  in  the  manufacturing  of  composite 
bipolar  plates  [30].  Both  thermoplastic  [31  ]  and  thermosetting  resins 
[32]  have  been  considered  for  the  manufacturing  of  these  devices. 
When  a  thermoplastic  polymer  is  used,  the  composite  must  be 
cooled  before  being  removed  from  the  mold.  Alternatively,  when 
a  thermosetting  binder  is  used,  the  cooling  step  is  not  necessary  and 
shorter  processing  times  can  be  achieved  [33].  This  gives  an  irre¬ 
futable  advantage  of  thermosetting  resins  toward  the  cost  target  of 
the  Department  of  Energy  of  the  US  (DOE)  [34].  However,  recent 
developments  have  been  conducted  on  manufacturing  methods, 
yielding  the  production  of  high  performance  thermoplastic-based 
plates  at  short  processing  times  [35].  Recyclability  is  considered  an 
advantage  of  thermoplastics  over  thermosets  [36]. 

Acrylonitrile-butadiene-styrene  (ABS)  copolymer  provide  high 
thermal  stability  with  good  mechanical  properties,  chemical 


resistance  and  processability  at  a  relatively  low  cost  if  compared 
with  other  commercially  available  high  performance  thermoplastic 
resins  such  as  polyphenylene  sulfide  (PPS)  or  polyvinylidene  fluo¬ 
ride  (PVDF)  [37,38].  Notwithstanding,  ABS-based  composite  bipolar 
plates  have  been  hardly  considered  for  this  application  [39].  This 
work  gives  an  unprecedented  contribution  on  the  evaluation  of  this 
material  for  bipolar  plate  purposes,  regarding  specially  its  corrosion 
stability  and  thermal  degradation  resistance. 

In  this  work  we  prepared  MWNT-ABS-graphite  composites 
using  compression  molding.  The  effect  of  the  conductive  MWNTs 
on  the  corrosion  behavior  of  the  composites  was  assessed  using 
electrochemical  impedance  spectroscopy  and  potentiodynamic 
polarization  curves.  The  in-plane  and  through-plane  electrical 
conductivities  of  the  molded  plates  were  also  determined.  Scan¬ 
ning  electron  microscopy  (SEM)  analysis  was  used  to  observe  the 
morphology  of  the  composites.  The  corrosion  mechanisms  are 
discussed  in  connection  with  the  morphological  aspects  revealed 
by  the  SEM  micrographs.  Furthermore,  the  influence  of  MWNTs  on 
the  thermal  stability  of  the  composites  was  investigated  by  ther- 
mogravimetric  analysis  (TGA). 

2.  Experimental 

2.2.  Materials  and  composite  preparation 

A  commercial  ABS  resin  in  powder  form  was  supplied  by  Basf. 
Synthetic  graphite  (fuel  cell  grade)  particles  with  purity  >95.0%, 
surface  area  of  1.5  m2  g-1  and  typical  size  of  40  pm  were  supplied 
by  Asbury  Carbons.  The  multi-walled  carbon  nanotubes  were 
purchased  from  Federal  University  of  Minas  Gerais  (UFMG,  Brazil), 
presenting  a  surface  area  of  300  m2  g-1  and  purity  >90.0%. 

All  components  of  the  composite  bipolar  plates  were  in  powder 
form.  Five  different  compositions  were  prepared  as  shown  in 
Table  1.  Initially,  the  components  were  mixed  in  a  Turbula  T10B 
powder  blender  for  30  min.  The  MWNTs  did  not  receive  any  surface 
treatment  prior  to  the  preparation  of  the  composite.  Then,  the 
mixture  was  compression  molded  in  a  hydraulic  press  at  250  °C  and 
a  pressure  of  400  kg  cnrT2  for  10  min,  forming  discs  with  30  mm 
diameter  and  3  mm  thickness.  After  water  cooling,  the  molded  disc 
was  removed  from  the  mold  and  characterized.  These  samples 
were  employed  for  the  through-plane  electrical  conductivity 
determination  and  for  the  electrochemical  tests.  The  samples  for 
the  in-plane  electrical  conductivity  determination  were  molded 
according  to  the  same  parameters,  but  with  different  dimensions 
(130  x  12.7  x  3  mm). 

2.2.  Characterization 

The  in-plane  electrical  conductivity  was  measured  by  means  of 
the  four  point  probe  method,  according  to  ASTM  D4496.  A 
programmable  current  source  was  applied  through  the  outer  two 
probes  and  the  voltage  drop  across  the  two  inner  probes  was 
measured  with  a  precision  voltmeter.  The  electrical  conductivity  (a) 
was  calculated  according  to  equation  (1),  where  i  is  the  constant 


Table  1 

Compositions  used  in  the  preparation  of  the  composite  bipolar  plates. 


Specimen 

Mass  (%) 

ABS 

Synthetic  graphite 

MWNT 

SO 

15 

85 

0 

SI 

15 

84 

1 

S2 

15 

83 

2 

S3 

15 

82 

3 

S4 

15 

81 

4 

S5 

15 

80 

5 
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current  supplied  through  the  sample,  V  is  the  voltage  drop  between 
two  points  separated  by  a  distance  d  and  A  is  the  cross-sectional 
area  of  the  sample: 


The  through-plane  electrical  conductivity  of  the  composites  was 
evaluated  according  to  the  methodology  described  by  Du  and  Jana 
[40].  The  samples  were  placed  between  two  pieces  of  conductive 
carbon  paper  (Toray).  Two  gold-plated  copper  electrodes  were  used 
to  connect  a  power  supply  and  the  measurement  devices.  The 
measurement  was  performed  using  a  hydraulic  press.  An  increasing 
pressure  was  applied  up  to  the  typical  clamping  pressure  of  the 
composite  bipolar  plate  in  a  PEM  fuel  cell  (140  N  cm-2).  A  constant 
current  of  10  A  was  applied  by  the  power  supply.  The  resulting  voltage 
drop  across  the  sample  was  registered  using  a  digital  multimeter.  The 
resistance  (. R )  was  calculated  using  Ohm’s  law  and  the  through-plane 
conductivity  was  determined  using  equation  (1)  with  the  proper 
sample  dimensions.  Six  different  samples  were  used  for  both  the  in¬ 
plane  and  through-plane  measurements.  The  results  reported  in  this 
work  are  referred  to  the  average  value  of  the  six  samples.  Prior  to  the 
measurements,  the  samples  were  abraded  up  to  #600  SiC  paper  to 
remove  any  polymer  skin.  The  same  surface  finishing  was  applied  to 
the  samples  prepared  for  the  electrochemical  tests. 

The  oxidation  resistance  of  the  composites  was  evaluated  using 
cyclic  voltammetry.  The  measurements  were  conducted  in  a  three- 
electrode  cell  setup  with  the  composite  sample  as  the  working 
electrode,  a  platinum  wire  as  counter  electrode  and  a  saturated 
calomel  electrode  (SCE)  as  the  reference.  All  the  potentials 
mentioned  in  this  text  are  given  referred  to  the  SCE.  The  electrolyte 
was  comprised  of  0.5  M  H2SO4  +  2  ppm  HF  aqueous  solution 
maintained  at  70  °C.  The  scan  rate  was  50  mV  s-1  and  the  potential 
range  was  from  0  V  to  +1.2  V. 

Corrosion  resistance  was  by  potentiodynamic  measurements 
and  electrochemical  impedance  spectroscopy  (EIS).  A  conventional 
three-electrode  cell  was  used,  with  a  platinum  wire  as  counter 
electrode  and  a  saturated  calomel  electrode  (SCE)  as  the  reference. 
The  electrolyte  was  comprised  of  0.5  M  H2SO4  +  2  ppm  HF  aqueous 
solution  maintained  at  70  °C.  Open  circuit  potential  (OCP)  was 
measured  for  1  h.  This  duration  insures  free  potential  steady  state 
required  for  EIS  and  potentiodynamic  measurements.  Impedance 
data  were  collected  under  OCP  over  a  frequency  range  from 
100  kHz  to  10  mHz  at  10  points  per  decade;  a  sine  wave  with 
±10  mV  amplitude  was  applied.  The  evolution  of  the  electro¬ 
chemical  behavior  was  accompanied  during  5  days  of  immersion. 
The  experimental  data  were  fitted  with  equivalent  circuits  (ECs)  to 
give  a  more  quantitative  analysis  of  the  EIS  response.  Potentiody¬ 
namic  curves  were  acquired  at  a  scan  rate  of  1.0  mV  s-1.  All  the 
measurements  were  performed  with  an  Autolab  PGSTAT  100 
potentiostat/galvanostat  equipped  with  an  FRA  (Frequency 
Response  Analyser)  module. 

The  fracture  surface  morphology  of  the  composites  was 
observed  using  a  scanning  electron  microscope  Leica/LEO  440i. 
Thermogravimetric  analysis  was  carried  out  using  a  Shimadzu  TA- 
50  instrument  under  nitrogen  atmosphere  with  a  flow  rate  of 
50  mL  min-1  at  a  heating  rate  of  10  °C  min-1  ranging  from  the  room 
temperature  up  to  1000  °C.  Pure  ABS  was  also  tested  for  compar¬ 
ison  purposes. 

3.  Results  and  discussion 

3.2.  Electrical  conductivity 

The  effect  of  MWNT  addition  on  the  through-plane  electrical 
conductivity  of  the  composite  bipolar  plates  is  shown  in  Fig.  1.  The 
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Fig.  1.  Through-plane  electrical  conductivity  of  the  composites  plotted  as  a  function  of 
the  MWNT  content.  The  measurements  were  made  with  specimens  before  immersion 
and  after  5  days  in  0.5  M  H2S04  +  2  ppm  HF  solution  at  70  °C  and  submitted  to  cyclic 
voltammetry. 


measurements  were  made  with  specimens  that  were  not 
immersed  and  with  specimens  that  were  immersed  for  5  days  in 
0.5  M  H2SO4  +  2  ppm  HF  solution  at  70  °C  and  submitted  to  cyclic 
voltammetry.  The  through-plane  electrical  conductivity  is  consid¬ 
ered  to  be  more  important  than  the  in-plane  electrical  conductivity 
for  composite  bipolar  plates,  since  the  electrons  must  pass  through 
the  thickness  of  the  plate  [41  ].  As  shown  in  Fig.  1,  there  is  a  clear 
trend  of  increasing  the  conductivity  after  incorporation  of  the 
MWNTs.  The  through-plane  conductivities  of  the  SI  and  S2 
composites  are  almost  300%  higher  than  that  of  the  SO  specimen. 
By  increasing  the  concentration  of  MWNTs  in  the  composite,  the 
conductivity  was  little  affected.  It  was  observed  that  the  SI 
composite  reached  the  highest  conductivity  mean  value  and  the  S2 
composites  reached  the  highest  absolute  value.  It  is  clear  that  the 
conductivities  are  very  similar  for  these  composites.  There  is 
a  tendency  of  reducing  these  values  for  higher  MWNT  concentra¬ 
tions.  This  effect,  though  only  marginally  detected  in  this  work,  was 
reported  by  several  authors  [42-44].  It  is  often  agreed  that  the 
clustering  of  carbon  nanotubes  at  high  loadings  reduces  the  elec¬ 
trical  conductivity  of  polymer-MWNT  composites  due  to  the 
difficult  dispersion  of  the  nanofillers  within  the  polymer  matrix 
[45,46].  Notwithstanding,  the  conductivity  remained  far  higher 
than  that  of  the  MWNT-free  composite  up  to  an  MWNT  concen¬ 
tration  of  5  wt.%.  These  results  evidence  the  beneficial  effect  of 
incorporating  the  nanofillers  into  the  ABS-graphite  composites. 
The  immersion  period  did  not  present  a  detectable  effect  on  the 
through-plane  conductivity  of  the  composites  as  shown  in  Fig.  1. 
The  values  obtained  after  immersion  are  very  similar  to  those 
measured  before  immersion.  This  suggests  that  the  samples  were 
not  significantly  oxidized  during  the  test,  maintaining  its  electrical 
performance.  This  subject  was  further  investigated  through  cyclic 
voltammetry  measurements. 

Cyclic  voltammetry  was  used  to  study  the  oxidation  behavior  of 
the  composites  in  0.5  M  H2SO4  +  2  ppm  HF  solution  at  70  °C  after 
different  periods  of  immersion.  The  results  are  shown  in  Fig.  2.  The 
stability  of  the  samples  is  clearly  visible.  The  most  striking  feature 
of  the  voltammograms  is  an  oxidation  peak  during  the  cathodic 
scan  at  approximately  +0.2  V  for  all  the  composites.  The  intensity  of 
this  peak  is  higher  for  the  MWNT-containing  composites.  It  is 
noted  that  the  peak  is  reduced  with  time,  suggesting  that  the 
oxidation  of  the  composites  was  not  accelerated  during  immersion 
in  the  electrolyte.  This  result  can  be  used  to  support  the  observation 
that  the  through-plane  electrical  conductivity  of  the  composites 
was  little  affected  after  immersion  as  shown  in  Fig.  1. 


348 


M.C1.  de  Oliveira  et  al.  /  Journal  of  Power  Sources  221  (2013)  345—355 


E  (V)  E  (V) 


-0.1  0.2  0.5  0. 

E  (V) 


1.1 


1.4 


E  (V) 


E  (V)  e  (V) 


Fig.  2.  Cyclic  voltammograms  of  the  ABS-graphite-MWNT  composites  after  different  immersion  times  in  0.5  M  H2SO4  +  2  ppm  HF  solution  at  70  °C:  a)  SO;  b)  SI ;  c)  S2;  d)  S3;  e)  S4; 
f)  S5. 


US  Department  of  Energy  (DOE)  has  defined  the  benchmark  for 
electrical  conductivity  of  composite  bipolar  plates  as  100  S  cm-1 
without  specifying,  though,  if  it  is  the  in-plane  or  the  through- 
plane  value.  In  order  to  complement  the  electrical  characteriza¬ 
tion  of  the  composites,  we  also  performed  in-plane  electrical 


MWNT  (wt.%) 


Fig.  3.  In-plane  electrical  conductivity  of  the  composites  plotted  as  a  function  of  the 
MWNT  content. 


conductivity  measurements.  The  results  are  shown  in  Fig.  3.  Due  to 
the  little  effect  that  the  immersion  in  0.5  M  H2SO4  +  2  ppm  HF 
solution  at  70  °C  had  on  the  through-plane  conductivity  of  the 
composites  (Fig.  1),  the  measurements  were  made  only  with 
specimens  that  were  not  immersed  in  the  electrolyte. 

The  results  follow  the  same  trend  observed  for  the  through- 
plane  measurements  but  the  values  are  quite  higher.  MWNT 
addition  led  to  a  significant  increase  of  the  conductivity.  The  values 
reached  200  S  cm-1  for  some  of  the  SI  and  S2  composites.  The 
highest  mean  value  was  observed  for  the  S2  composites.  As 
observed  for  the  through-plane  measurements,  there  is  a  tendency 
of  reducing  these  values  for  higher  MWNT  concentrations  which  is 
more  accentuated  for  the  S3  composites.  Once  again,  we  hypoth¬ 
esize  that  MWNT  clustering  can  give  rise  to  this  behavior.  In  order 
to  achieve  a  physical  confirmation  of  this  assumption,  SEM 
micrographs  of  the  fractured  composites  were  obtained.  The  results 
will  be  shown  later  in  Figs.  8  and  9.  It  is  noteworthy  that  the 
electrical  conductivity  of  the  ABS-graphite  composites  was 
significantly  improved  by  adding  the  MWNTs.  Furthermore,  this 
performance  was  achieved  without  any  prior  surface  treatment  of 
the  MWNTs.  It  is  often  reported  that  specific  surface  treatments  can 
greatly  enhance  the  dispersibility  of  carbon  nanotubes  within 
polymer  matrices,  favoring  the  formation  of  conductive  paths,  thus 
improving  the  electrical  conductivity  of  the  composite  [47,48].  In 


M.C.L  de  Oliveira  et  al.  /  Journal  of  Power  Sources  221  (2013)  345—355 


349 


this  regard,  the  results  presented  here  can  be  further  improved  by 
properly  treating  the  surface  of  the  MWNTs.  However,  this  was  not 
the  aim  of  the  present  work.  We  aimed  to  assess  the  corrosion 
properties  of  the  ABS-graphite-MWNT  composites  and  verify 
possible  correlations  with  the  through-plane  electrical  conduc¬ 
tivity.  This  issue  is  addressed  in  the  next  section. 

3.2.  Electrochemical  impedance  spectroscopy  (EIS) 

Nyquist  plots  of  the  ABS-graphite-MWNT  composites  after 
different  periods  of  immersion  in  0.5  M  H2SO4  +  2  ppm  HF  solution 
at  70  °C  are  shown  in  Fig.  4.  EIS  is  an  attractive  technique  to  study 
the  corrosion  processes  of  electrical  conductors  in  aqueous  elec¬ 
trolytes  due  to  the  low  amplitude  of  the  perturbation  signal  that 
allows  the  monitoring  of  the  evolution  of  the  electrochemical 
behavior  of  the  electrode  with  time,  without  altering  its  surface 
properties  [49].  The  plots  in  Fig.  4a  are  referred  to  the  SO  composite. 
It  is  seen  that  the  Nyquist  plots  are  characterized  by  one  capacitive 
loop  in  the  low  frequency  domain  whose  radius  present  a  slight 
decrease  with  the  immersion  time.  The  diameter  of  the  Nyquist  plot 
along  the  real  axis  is  associated  with  the  charge  transfer  resistance 
of  the  material,  thereby  indicating  its  corrosion  resistance  [50].  In 
this  regard,  the  SO  composite  was  found  to  be  relatively  stable  in 
the  electrolyte  up  to  the  end  of  the  test.  The  impedance  values 
remained  high  from  1  to  5  days  of  immersion  and  the  diameter  of 


Z'  (Q.cm2) 


Z  (Cl. cm2) 


Z  (fl.cm2) 


the  capacitive  loop  was  marginally  flattened.  The  same  tendency 
was  observed  for  the  SI  composite  but  the  impedance  reduction  is 
more  accentuated  (Fig.  4b).  The  S2  composites  presented  the  same 
tendency  of  the  SO  composites  but  the  impedance  values  are  lower 
for  all  immersion  times  (Fig.  4c).  It  can  be  assumed  that  the 
incorporation  of  the  MWNTs  did  not  increase  the  instability  of  the 
ABS-graphite  composite  in  the  electrolyte.  This  behavior  was 
significantly  altered,  though,  for  higher  MWNT  loadings.  As  can  be 
seen  in  Fig.  4d,  the  S3  composite  presented  a  sharp  decrease  of  the 
diameter  of  the  capacitive  loop  of  the  Nyquist  after  5  days  of 
immersion.  The  shape  of  the  Nyquist  plot  was  also  different  from 
that  observed  for  the  SO,  SI  and  S2  composites,  especially  after  5 
days.  After  1  and  3  days  of  immersion  the  Nyquist  is  characterized 
by  a  capacitive  loop  whose  radius  is  relatively  stable.  However,  after 
5  days  there  was  a  sharp  decrease  of  the  impedance  and  typical 
Warburg  impedance  appears  at  low  frequencies  as  denoted  by  the 
diffusion  tail  (slope  of  45°),  suggesting  that  diffusion  processes  are 
active  [51].  The  presence  of  the  diffusion  tail  was  not  observed  for 
the  S4  and  S5  specimen  as  seen  in  Fig.  4e  and  f.  However,  the  same 
trend  of  reduction  of  the  diameter  of  the  Nyquist  plot  is  markedly 
present.  These  results  suggest  that  the  S3,  S4  and  S5  were  more 
prone  to  corrosion  than  the  S2,  SI  and  SO  composites. 

In  order  to  give  a  more  quantitative  interpretation  of  the 
impedance  response,  the  experimental  data  were  fitted  using 
equivalent  electrical  circuits  (EECs)  through  a  non-linear  least 
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Fig.  4.  Nyquist  plots  of  the  ABS-graphite-MWNT  composites  after  different  immersion  times  in  0.5  M  H2S04  +  2  ppm  HF  solution  at  70  °C:  a)  SO;  b)  SI;  c)  S2;  d)  S3;  e)  S4;  f)  S5. 
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Table  2 

Equivalent  circuit  parameters  for  the  ABS— graphite— MWNT  composites  for  1,  3  and  5  days  of  immersion. 


Time  (days) 

Composite 

Parameters 

(Q-cm2) 

Q.1  (10  4-F-cm  2-sa 

R2  (kQ-cm2) 

n  1 

Q2  (10  4-F-cm  2-sa 

R3  (kQ-cm2) 

n2 

VIA  (10_4-Q_1  •cm-2-s-0’5) 

1 

SO 

1.94 

1.29 

2.43 

0.91 

1.14 

429 

0.74 

— 

SI 

2.97 

1.09 

11.7 

0.93 

0.30 

638 

0.80 

S2 

2.59 

9.09 

337 

0.94 

— 

— 

— 

— 

S3 

1.79 

0.99 

5.64 

0.93 

0.70 

506 

0.76 

— 

S4 

2.63 

2.53 

2.62 

0.86 

0.91 

502 

0.75 

— 

S5 

2.66 

1.61 

4.64 

0.90 

0.76 

252 

0.83 

— 

3 

SO 

1.86 

1.31 

2.90 

0.91 

1.77 

364 

0.83 

— 

SI 

2.91 

1.20 

5.74 

0.91 

0.73 

192 

0.81 

S2 

2.40 

9.41 

137 

0.92 

— 

— 

— 

— 

S3 

1.92 

0.95 

5.62 

0.93 

0.97 

372 

0.82 

— 

S4 

2.39 

3.72 

5.79 

0.83 

1.43 

74.5 

0.96 

— 

S5 

2.50 

2.68 

2.96 

0.87 

0.85 

113 

0.78 

— 

5 

SO 

1.77 

1.92 

1.83 

0.88 

2.57 

167 

0.81 

— 

SI 

2.85 

1.57 

7.55 

0.91 

0.77 

105 

0.80 

S2 

2.31 

9.23 

7.08 

0.92 

0.88 

130 

0.85 

— 

S3 

1.79 

1.10 

0.81 

0.92 

0.31 

2.32 

0.84 

4.33  10^4 

S4 

2.46 

4.15 

5.01 

0.82 

1.87 

30.5 

0.92 

— 

S5 

2.44 

3.31 

3.85 

0.85 

3.58 

35.2 

0.76 

— 

square  (NLLS)  fitting  procedure.  The  capacitive  behavior  was 
simulated  using  constant  phase  elements  (CPEs)  instead  of  pure 
capacitors  accounting  for  the  inhomogeneity  of  the  material 
surfaces  [52].  The  parameters  obtained  from  the  modeling  of  the 
EIS  data  are  summarized  in  Table  2.  Qand  n  are  the  magnitude  and 
the  exponent  of  the  constant  phase  element.  The  CPE  impedance  is 
described  by  equation  (1)  [53].  Qis  identified  with  the  capacitance 
of  the  CPE,  jw  is  the  complex  variable  for  sinusoidal  perturbations,  oj 
is  the  angular  frequency  and  n  gives  information  about  the  nature 
of  the  nature  of  the  CPE.  For  a  pure  capacitor  n  =  1  and  n  =  0.5  for 
a  mass  transfer  process  [54].  The  EECs  used  to  fit  the  experimental 
data  are  shown  in  Fig.  5.  Nyquist  plots  of  the  ABS-graphite-MWNT 
composites  after  1,  3  and  5  days  of  immersion  are  shown  in  Fig.  6 
for  both  experimental  and  fitted  data.  The  quality  of  the  fitting 
procedure  is  clearly  demonstrated. 

^CPE  =  [Q(/w)n] 

The  EEC  shown  in  Fig.  5a  yielded  the  best  fitting  to  the  experi¬ 
mental  data  of  the  SO  and  SI  composites  for  the  whole  period  of 
immersion.  Alias  and  Brown  [55]  used  the  same  model  to  simulate 
the  EIS  response  of  carbon  fiber-epoxy  and  carbon  fiber-vinyl  ester 
composites.  In  this  model  is  the  electrolyte  resistance;  Qi  and  R2 
are  related  to  the  composite/electrolyte  interface  where  R2  is  the 
pore  resistance  to  the  penetration  of  electrolyte  and  Qi  models  the 
associated  capacitance.  Q2  and  R3  are  due  to  the  charge  transfer 


reactions  which  occur  within  the  pores  due  to  the  penetration  of  the 
electrolyte.  This  model  was  also  successfully  used  to  model  the  EIS 
data  of  polyvinylidene  fluoride-graphite  composites  in  a  simulated 
PEM  fuel  cell  environment  [15].  As  seen  in  Table  2  there  is 
a  tendency  of  reduction  of  the  values  of  the  R2  and  R3  after  5  days  of 
immersion.  This  behavior  corresponds  to  a  decrease  of  the  corrosion 
resistance  of  the  composite  due  to  the  penetration  of  electrolyte 
with  time.  The  n  values  are  close  to  0.9  for  all  the  immersion  times 
which  is  typical  of  a  capacitive  response  [56],  suggesting  that  the 
composite  remains  relatively  stable  during  the  test.  The  increase  of 
Q.1  and  Q2  from  1  to  5  days  can  be  also  explained  by  the  penetration 
of  electrolyte  through  the  pores  of  the  composite,  thus  exposing 
higher  surface  area  to  the  corrosive  medium  [15]. 

The  EEC  shown  in  Fig.  5a  did  not  provide  the  best  fitting  to 
the  experimental  data  of  the  S2  composites.  The  addition  of  2  wt.% 
of  MWNTs  to  the  ABS-graphite  composites  altered  the  electro¬ 
chemical  behavior.  The  circuit  shown  in  Fig.  5b  provided  the  best 
fitting  for  the  EIS  response  of  the  S2  composites  after  1  and  3  days  of 
immersion.  This  model  presents  only  one  time  constant  instead  of 
the  two  time  constants  modeled  by  the  circuit  shown  in  Fig.  5a.  In 
this  model,  R\  is  the  electrolyte  resistance.  Q1  and  R2  model  the 
charge  transfer  reactions  in  the  interface  between  the  electrolyte 
and  the  conductive  surface  of  the  composite.  This  difference  prob¬ 
ably  arises  from  the  fact  that  the  addition  of  2  wt.%  of  MWNTs  would 
be  effective  at  connecting  neighbor  graphite  particles,  diminishing 
the  intrinsic  voids  in  the  structure  of  the  S2  composites.  For  the  SI 


Fig.  5.  EECs  used  to  fit  the  impedance  data  of  the  different  composites. 
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composites  the  amount  of  carbon  nanotubes  would  not  be  sufficient 
to  impart  the  same  behavior.  As  a  result,  the  time  constant  modeling 
the  resistance  and  capacitance  of  the  pores  was  not  relevant  during 
the  initial  timeframe  of  the  test.  This  would  also  have  a  beneficial 
effect  on  the  electrical  conductivity  of  the  composite.  In  fact,  the 
through-plane  electrical  conductivity  of  the  S2  composites  was 
significantly  higher  than  that  of  the  SO  composites.  However,  after  5 
days,  this  model  did  not  provide  a  good  fitting  for  the  experimental 
data.  The  electrochemical  behavior  of  the  S2  composites  evolved  and 
the  EEC  shown  in  Fig.  5a  gave  the  best  fitting  to  the  EIS  data  after  5 
days  of  immersion.  Then,  as  already  discussed  for  the  SO  and  SI 


Z  (Q  .cm2) 


Fig.  6.  Nyquist  plots  of  the  ABS-graphite-MWNT  composites  after  different  periods  of 
immersion  in  0.5  M  H2S04  +  2  ppm  HF  solution  at  70  °C:  a)  1  day;  b)  3  days;  c)  5  days; 
solid  lines  indicate  the  fitted  curves. 


I  (A. cm'2) 

Fig.  7.  Potentiodynamic  polarization  curves  of  the  ABS-graphite-MWNT  composites 
after  5  days  of  immersion  in  0.5  M  H2S04  +  2  ppm  HF  solution  at  70  °C. 


composites,  the  composite/electrolyte  interface  was  modeled  by 
a  pore  resistance  ( R2 )  and  its  associated  capacitance  (Qi).  This  time 
constant  was  developed  probably  due  to  the  penetration  of  elec¬ 
trolyte  for  longer  immersion  times,  increasing  the  area  exposed  to 
the  electrolyte.  It  is  noteworthy  that  the  charge  transfer  resistance 
decreased  from  1  to  5  days  of  immersion.  However,  it  remained 
relatively  high  up  to  the  end  of  the  test,  confirming  the  stability  of 
the  S2  composites.  This  behavior  was  apparent  in  the  Nyquist  plots 
of  Fig.  4c. 

The  EEC  shown  in  Fig.  5a  was  successfully  employed  to  fit  the 
experimental  data  of  the  S3  composites  after  1  and  3  days  of 
immersion.  In  this  regard,  the  same  considerations  concerning  the 
physical  meaning  of  the  fitting  parameters  discussed  for  the  SO  and 
SI  composites  can  be  applied  here.  The  most  striking  feature  is  the 
reduction  of  the  charge  transfer  resistance  ( R3 )  and  the  increase  of 
the  associated  capacitance  (Q2)  from  1  to  3  days,  denoting  the 
deterioration  of  the  corrosion  resistance  with  time.  However,  R3  is 
still  high  after  3  days,  approaching  the  charge  transfer  resistance  of 
the  SO  composite.  Conversely,  after  5  days  R3  sharply  decreased  and 
a  new  time  constant  evolved  in  the  system.  The  EEC  shown  in  Fig.  5c 
provided  the  best  fitting  for  the  S3  composites  after  5  days  of 
immersion.  A  Warburg  impedance  ( W)  was  introduced  to  model  the 
EIS  response  in  the  low  frequency  domain.  W\  is  the  Warburg 
coefficient.  The  diffusion  tail  that  developed  after  5  days  (see  the 
Nyquist  plots  in  Fig.  4d),  forming  a  line  with  slope  of  approximately 
45°  to  the  real  axis  is  characteristic  of  the  semi-infinite  length 
Warburg  impedance  [57].  This  parameter  is  related  to  diffusion- 
controlled  processes  [58].  This  feature  was  not  observed  for  the  EIS 
response  of  the  S2  composites.  It  is  hypothesized  that  the  increase  of 
MWNT  concentration  can  give  rise  to  clusters  that  favor  the  pene¬ 
tration  of  the  electrolyte  and  the  onset  of  diffusion  of  aggressive 
species  through  the  pores  of  the  composite,  leading  to  a  sharp 
decrease  of  the  corrosion  resistance.  In  this  context,  it  is  possible  to 


Table  3 

Electrochemical  parameters  determined  from  the  polarization  curves  shown  in 
Fig.  7. 


Composite 

Ecorr  (VSCE) 

/corr  (|iA  cm  2) 

SO 

0.04 

0.50 

SI 

0.10 

0.95 

S2 

0.07 

1.25 

S3 

0.16 

1.44 

S4 

0.13 

2.59 

S5 

0.11 

3.33 
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ensure  that  the  addition  of  the  MWNTs  to  the  ABS-graphite 
composites  improves  the  through-plane  electrical  conductivity  as 
shown  in  Fig.  1.  Notwithstanding,  it  can  create,  depending  on  the 
concentration,  pathways  to  the  diffusion  of  aggressive  corrosive 
species.  Hence,  the  composite  is  prone  to  deterioration  in  the  PEM 
fuel  cell  environment  which  can  decrease  the  electrical  performance 
with  time.  The  susceptibility  of  MWNTs  to  electrochemical  oxidation 
in  PEM  fuel  cell  environments  has  been  recognized  by  several 
authors,  especially  at  high  potentials  [22,23].  The  results  obtained  in 
this  work  evidence  that  the  deterioration  of  the  corrosion  resistance 
of  MWNT-added  ABS-graphite  composites  can  take  place  even 
though  electrochemical  oxidation  was  not  perceived  to  be  relevant 
for  the  electrical  conductivity  of  the  composites  according  to  the 
experimental  conditions  employed  here. 

The  fitting  procedure  for  the  S4  and  S5  composites  was 
successfully  conducted  through  the  use  of  the  EEC  shown  in  Fig.  5a. 
This  EEC  provided  the  best  fitting  to  the  experimental  data  for  all 
the  immersion  times.  In  this  regard,  the  EIS  response  of  these 
composites  resembles  that  of  the  SO  and  SI  ones.  Additionally,  the 
same  tendency  of  reduction  of  the  values  of  R3  with  time  was  also 
observed  for  the  S4  and  S5  composites,  indicating  the  decrease  of 
corrosion  resistance  with  the  elapsed  time.  It  has  to  be  emphasized, 
though,  that  the  charge  transfer  resistance  was  much  lower  for  the 
S4  and  S5  in  comparison  with  the  SO  and  SI  composites  as  well  as 


the  impedance  values,  especially  for  3  and  5  days  of  immersion. 
This  is  clearly  seen  in  the  Nyquist  plots  shown  in  Fig.  6.  This  lack  of 
stability  of  the  S4  and  S5  composites  can  be  due  to  the  formation  of 
pathways  to  the  penetration  of  the  electrolyte  as  a  result  of  the 
agglomeration  of  the  MWNTs.  The  relatively  high  content  of 
MWNTs  in  the  S4  and  S5  composites  favors  this  situation.  For  the  SI 
and  S2  composites  the  decrease  of  the  charge  transfer  resistance 
with  time  was  much  less  intense  than  for  the  S4  and  S5  composites. 

3.3.  Potentio dynamic  polarization  curves 

Potentiodynamic  polarization  curves  of  the  ABS-graphite- 
MWNT  composites  after  5  days  of  immersion  in  0.5  M 
H2SO4  +  2  ppm  HF  solution  at  70  °C  are  shown  in  Fig.  7.  The  cor¬ 
responding  electrochemical  parameters  are  summarized  in  Table  3. 
The  corrosion  current  densities  (7C0 rr)  were  obtained  considering 
the  cathodic  branch  of  the  polarization  curves. 

The  results  show  that  the  corrosion  potential  (Ec orr)  was  shifted 
to  nobler  values  with  the  addition  of  MWNTs.  However,  the 
corrosion  current  densities  (/cor r)  were  directly  proportional  to  the 
MWNT  concentration,  increasing  for  higher  MWNT  contents.  Thus, 
it  is  possible  to  infer  that  the  corrosion  resistance  of  the  composites 
was  impaired  by  the  addition  of  the  MWNTs.  This  result  corrobo¬ 
rates  the  indications  of  the  EIS  measurements.  A  similar  behavior 


Fig.  8.  SEM  micrographs  of  the  fracture  surfaces  of  the  ABS-graphite-MWNT  composites:  a)  SO;  b),  c)  and  d)  SI;  e)  and  f)  S2. 
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was  also  observed  by  Kakati  et  al.  [9]  and  Antunes  et  al.  [15]  for 
polymer-graphite-carbon  black  composite  bipolar  plates.  A 
possible  explanation  is  the  relatively  higher  electrochemical 
instability  of  carbon  black  in  comparison  with  that  of  graphite  [9]. 
From  the  results  obtained  here,  we  found  that  the  incorporation  of 
the  highly  conductive  MWNTs  has  a  similar  effect  on  the  corrosion 
behavior  of  the  ABS-graphite  composites.  Notwithstanding,  the 
JCOrr  values  are  low,  suggesting  that  the  deterioration  occurs  at 
a  slow  rate. 

3.4.  SEM  micrographs 

Representative  SEM  micrographs  of  the  fracture  surfaces  of  the 
different  ABS-graphite-MWNT  composites  are  shown  in  Figs.  8 
and  9.  The  morphology  of  the  SO  composite  is  shown  in  Fig.  8a. 
The  cross  section  of  this  composite  reveals  that  some  voids  are 
distributed  within  the  structure.  The  voids  make  the  transport  of 
electrons  more  difficult,  as  less  conductive  paths  between  neigh¬ 
boring  graphite  particles  are  formed.  In  this  regard,  the  through- 
plane  electrical  conductivity  would  not  be  favored  in  this  struc¬ 
ture.  As  shown  in  Fig.  1,  the  low  values  of  this  property  for  the  SO 
composites  confirm  this  assumption. 

The  structures  of  the  SI  and  S2  composites  were  apparently 
more  homogeneous,  showing  fewer  voids  between  the  conductive 


particles  than  the  SO  composite.  The  micrographs  shown  in  Fig.  8b 
and  c  show  the  relative  compactness  of  the  SI  composite.  MWNT 
clustering  was  not  perceived  in  the  SI  composites.  The  nanotubes 
were  distributed  within  the  structure  as  shown  in  the  representa¬ 
tive  micrograph  of  Fig.  8d  where  some  MWNTs  are  found  in  the 
central  part  of  the  figure.  This  morphology  would  favor  the  corro¬ 
sion  performance  of  the  composite  and  also  the  increase  of  elec¬ 
trical  conductivity  due  to  the  addition  of  the  highly  conductive 
MWNTs. 

The  micrograph  in  Fig.  8e  is  a  global  view  of  the  fracture  surface 
of  the  S2  composite,  revealing  the  apparent  compactness  of  the 
structure.  The  image  in  Fig.  8f  is  a  closer  view  of  the  top  right  region 
shown  in  Fig.  7e.  The  presence  of  the  MWNTs  in  the  S2  composite  is 
evident  which  would  account  for  its  higher  through-plane  elec¬ 
trical  conductivity  and  lower  impedance  values  in  comparison  with 
the  SO  composite.  However,  for  long  periods  in  contact  with  the 
PEM  fuel  cell  electrolyte,  it  is  likely  that  the  more  internally 
defective  structure  of  the  SO  composite  would  be  more  prone  to 
corrosion  than  the  more  homogeneous  morphology  of  the  S2 
composite.  This  would  explain  the  results  obtained  from  the  EIS 
measurements  which  indicated  that  the  reduction  of  the  charge 
transfer  resistance  of  the  SO  composites  was  proportionally  more 
accentuated  than  that  of  the  S2  composites  after  5  days  of 
immersion. 


Fig.  9.  SEM  micrographs  of  the  fracture  surfaces  of  the  ABS-graphite-MWNT  composites:  a)  and  b)  S3;  c)  and  d)  S4;  e)  and  f)  S5. 
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Fig.  10.  TGA  curves  of  the  ABS-graphite-MWNT  composites. 


The  higher  MWNT  loading  of  the  S3  composite  yielded  the 
formation  of  more  clusters  throughout  its  structure  than  was 
observed  in  the  S2  composite.  Some  examples  are  shown  in  Fig.  9a 
and  especially  in  Fig.  9b.  The  agglomeration  of  high  surface  area 
MWNTs  renders  the  wetting  of  the  conductive  fillers  by  the  binders 
more  difficult.  As  a  result,  the  penetration  of  the  electrolyte  is 
favored  and  the  composite  would  be  more  prone  to  corrosion.  This 
would  explain  the  high  decrease  of  the  charge  transfer  resistance  of 
the  S3  composite  with  time  as  indicated  by  the  fitting  of  the  EIS 
experimental  data.  The  formation  of  diffusion  controlled  processes 
after  5  days  of  immersion  can  be  also  a  consequence  of  the  MWNTs 
clustering. 

As  the  MWNT  concentration  increased  the  formation  of  bundles 
became  more  frequent.  This  is  observed  for  the  S4  and  S5 
composites  as  shown  in  Fig.  9c— f.  These  composites  presented 
a  high  decrease  of  the  charge  transfer  resistance  with  time,  as 
indicated  from  the  fitting  procedure  of  the  experimental  EIS  data. 
This  behavior  resembles  that  of  the  S3  composite  and  would  be  also 
explained  by  the  formation  of  pathways  to  the  penetration  of  the 
electrolyte  through  the  heterogeneous  MWNTs  clustering  regions. 
Moreover,  the  higher  concentration  of  the  conductive  nanofillers 
would  lead  to  the  increase  of  the  corrosion  current  densities 
observed  in  the  potentiodynamic  polarization  curves  of  Fig.  7.  In  the 
same  regard,  the  electrical  conductivity  can  be  adversely  affected 
by  the  presence  of  the  MWNT  clusters.  This  was  especially  observed 
for  the  S3  composites  which  were  also  the  most  prone  to  corrosion. 

3.5.  Thermal  stability 

TGA  curves  of  the  ABS-graphite-MWNT  composites  are  shown 
in  Fig.  10.  The  residue  at  600  °C  was  almost  zero  for  the  pure  ABS 
resin.  The  SO  composite  presented  the  highest  thermal  stability.  The 
onset  temperature  for  thermal  decomposition  was  increased  in 
comparison  with  the  pure  polymer  matrix  and  the  weight  loss  at 
600  °C  was  only  around  13%.  The  incorporation  of  MWNTs  reduced 
the  thermal  stability  of  the  ABS-graphite  composite.  The  onset 
temperature  for  thermal  decomposition  and  the  weight  loss  at 
600  °C  were  proportionally  higher  for  the  MWNT-containing 
composites.  However,  there  were  only  slight  differences  between 
the  thermal  stabilities  of  the  SI,  S2,  S3,  S4  and  S5  composites.  This 
behavior  indicates  that  the  addition  of  MWNTs  has  an  adverse 
effect  on  the  thermal  stability  of  the  ABS-graphite  composite. 
Nevertheless,  the  thermal  stability  is  little  affected  when  the 
MWNT  concentration  increases  from  1  wt.%  to  5  wt.%.  Yang  et  al. 
[59]  observed  that  single  walled  carbon  nanotubes  decreased  the 
thermal  stability  of  ABS.  They  suggested  that  carbon  nanotubes 


destabilize  the  ABS  polymer  by  participating  in  the  radical  degra¬ 
dation  initiation  process  of  the  resin.  Despite  the  obvious  decrease 
of  thermal  stability  imparted  by  the  addition  of  MWNTs,  the  weight 
loss  remained  very  small  up  to  300  °C.  This  temperature  can  be 
considered  safe  for  practical  purposes  if  one  considers  the  appli¬ 
cation  of  these  composites  in  PEMFCs  [60]. 

4.  Conclusions 

The  corrosion  resistance  and  thermal  stability  of  ABS-graphite 
composites  with  different  was  evaluated  as  a  function  of  MWNT 
concentration.  Through-plane  and  in-plane  electrical  conductivi¬ 
ties  of  the  composites  were  also  determined.  Electrochemical 
oxidation  of  the  MWNT  was  not  significant  to  electrical  conduc¬ 
tivity  of  the  composites  as  shown  by  the  cyclic  voltammograms  and 
through-plane  measurements  of  the  composites  after  immersion  in 
the  electrolyte.  EIS  measurements  showed  that  the  corrosion 
resistance  was  dependent  on  the  MWNT  concentration.  The 
incorporation  of  2  wt.%  of  MWNTs  provided  the  best  compromise 
between  through-plane  electrical  conductivity  and  corrosion 
resistance.  For  higher  MWNT  loadings  the  corrosion  resistance 
decreased  and  there  was  no  significant  gain  in  the  electrical 
conductivity.  SEM  micrographs  of  the  cross  sections  of  the  fractured 
surfaces  of  the  composites  revealed  that  the  formation  of  MWNT 
clusters  can  be  responsible  for  depressing  the  corrosion  resistance 
and  also  the  electrical  conductivity.  Potentiodynamic  polarization 
curves  confirmed  the  EIS  results,  showing  that  the  corrosion 
current  densities  of  the  composites  increased  with  the  MWNT 
concentration.  The  thermal  stability  of  the  composites  was  also 
depressed  with  the  addition  of  the  MWNTs  as  evidenced  by  the 
TGA  curves.  Nevertheless,  the  weight  loss  at  300  °C  was  negligible 
for  all  the  MWNT-added  composites  which  can  be  considered 
a  suitable  performance  for  application  in  PEM  fuel  cells. 
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